Propeller-shaped and flower-shaped ZnO nanostructures on Si substrates were prepared by a one-step chemical vapor deposition technique. The propeller-shaped ZnO nanostructure consists of a set of axial nanorod (50 nm in tip, 80 nm in root and 1 μm in length), surrounded by radial-oriented nanoribbons (20-30 nm in thickness and 1.5 μm in length). The morphology of flowershaped ZnO nanostructure is similar to that of propeller-shaped ZnO, except the shape of leaves. These nanorods leaves (30 nm in diameter and 1-1.5 μm in length) are aligned in a radial way and pointed toward a common center. The flower-shaped ZnO nanostructures show sharper and stronger UV emission at 378 nm than the propeller-shaped ZnO, indicating a better crystal quality and fewer structural defects in flower-shaped ZnO. In comparison with flower-shaped ZnO nanostructures, the propellershaped ZnO nanostructures exhibited a higher photocatalytic property for the photocatalytic degradation of Rhodamine B under UV-light illumination.
Introduction
Zinc oxide (ZnO), a remarkable II-VI semiconductor with a wide direct band gap of 3.37 eV and large exciton binding energy of 60 meV at room temperature, has attracted considerable interests due to potential application in photocatalysis [1] , sensors [2] , light-emitting diodes [3] , solar cells [4] , and so forth. Compared with TiO 2 , ZnO as a potential photocatalyst has the advantage of lower cost, absorbing more light quanta and higher photocatalytic efficiencies for the degradation of several organic pollutants in both acidic and basic medium than TiO 2 [5, 6] . Many strategies have been developed to improve the photocatalytic activity of ZnO nanostructures such as changing the structural and morphological characters (size, shape, and crystalline structure, etc.) [7, 8] . A variety of ZnO nanostructures such as nanowires [9] , nanorings [10] , nanorods [11] , nanobelts [12] , nanosheets [13] , and star-shaped nanostructures [14] have been synthesized by a number of techniques, which mainly include the hydrothermal synthesis [15] , solutionbased synthesis [16] , template-based synthesis [17] , chemical vapor deposition (CVD) [18] , arc discharge technique [19] , and thermal evaporation process [20] . Although many works have been reported about the ZnO nanostructures, little information concerning the photocatalytic activity of propeller-shaped ZnO nanostructures was presented in previous studies [21, 22] .
In this letter, propeller-shaped and flower-shaped ZnO nanostructures were prepared on Si substrates by a one-step chemical vapor deposition technique. The morphology, crystal structure, optical property, and photocatalytic property were studied.
Experimental Section
2.1. Sample Preparation. N type Si (001) substrates (1.5 cm × 1.5 cm) were ultrasonically cleaned in hydrochloric acid solution, acetone, and deionized water for 30 min, respectively. Commercial Zn powder (1.0 g) with a purity of 99.999% was used as the source material and put in an alumina boat, two pieces of Si substrates (position1: near the Zn powder at a distance of 3 cm, the sample was labeled as S1; position 2: far from the Zn powder at a distance of 5 cm, the sample was labeled S2) were placed sequentially in the alumina boat. The boat was loaded into a furnace with a horizontal alumina tube. Two ends of the tube were sealed using mechanically clamped steel plates with the rubber gaskets. The tube was evacuated by a mechanical rotary pump. Then the furnace temperature was raised to 1000
• C at a rate of ∼20 • C/min while oxygen gas was introduced into the chamber. After reaction for 1 h, the furnace was cooled down to room temperature naturally.
Characterization.
The crystallographic information of the prepared samples was analyzed by powder X-ray diffraction (XRD) using a Bruker AXS D8 DISCOVER X-ray diffractometer with Cu Kα radiation (λ = 1.5406Å). The morphology and composition of the as-deposited products were characterized by field emission scanning electron microscope (FESEM, S-4800) and energy-dispersive X-ray spectrometry (EDX), respectively. Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) were performed on JEOL 2010F high-resolution TEM system. Photoluminescence properties of ZnO nanostructures were measured on a FLSP920 fluorescence spectrometer using a Xe lamp with the excitation wavelength of 320 nm at room temperature. BrunauerEmmett-Teller (BET) nitrogen adsorption-desorption was measured using a Micromeritics ASAP 2010 system.
The photocatalytic activity of the prepared samples was evaluated by the photocatalytic degradation of RhB aqueous solution performed at room temperature (ca. 20
• C). The experimental procedure was as follows. 0.01 g of the prepared powders was dispersed in 30 mL of RhB aqueous solution with a concentration of 1.0 × 10 −5 mol·L −1 in a beaker (with a capacity of 50 mL), and the suspensions were placed in dark for 30 min before illumination to allow sufficient adsorption of RhB. A 100 W mercury lamp placed 2 cm above the beaker with a wavelength of 365 nm was used as a light source. The concentration of RhB aqueous solution was determined by a UV-visible spectrophotometer (UV-4802H, UNICO). After UV-light irradiation for 30 min, the reaction solution was filtered, and then the absorbance of RhB aqueous solution was measured.
Results and Discussion
XRD analysis was adopted to analyze the crystal structure and phase composition of the obtained products. Figures  1(a, b) show the XRD patterns of the products obtained at different position. All the diffraction peaks can be indexed to wurtzite hexagonal ZnO (JCPDS Card file no. 70-2551). No other diffraction peaks are detected, indicating that all the as-prepared products are pure ZnO. Figure 2 shows FESEM images of the products obtained at different positions. As shown in Figure 2(a) , the morphology of sample S1 is similar to the propellers, which consists of a set of axial nanorod (50 nm in tip, 80 nm in root and 1 μm in length), surrounded by radial oriented nanoribbons (20-30 nm in thickness and TEM, HRTEM, and EDX were also used to characterize the structural properties of ZnO nanostructures. Figure 3(a) shows TEM image of a single nanoribbon in propellershaped ZnO nanostructures. The corresponding HRTEM image recorded from an individual nanoribbon (Figure 3(b) ) clearly shows the well-resolved interference lattice fringe of about 0.28 nm that corresponds to the (100) crystal plane of ZnO phase. The EDX spectrum of propeller-shaped ZnO nanostructures was presented in Figure 3(c) , in which the propeller-shaped products are composed only of Zn and O, and this result is in good accordance with the XRD analysis. The appearance of Si peak in the spectrum attributes to the silicon substrate. Figures 3(d), 3(e), and 3(f) show the TEM image, HRTEM image, and EDX spectrum of flower-shaped ZnO nanostructures, respectively. All character results indicate that the products synthesized in both positions are ZnO. Figure 4 shows the room-temperature PL spectra recorded from propeller-shaped and flower-shaped ZnO nanostructures. The sharp peak at 378 nm corresponds to the near-band-edge emission (UV emission) of ZnO, which is attributed to the recombination of photogenerated electrons and holes [23] . The peak at 495 nm corresponded to the deep-level emission (visible emission) is associated with defects in ZnO lattice, such as oxygen vacancy and Zn interstitials [23, 24] . The deep-level emission (Figure 4(a) , propeller-shaped ZnO) may indicate the existence of oxygen vacancies in the propeller-shaped nanostructures. that the improvement in the crystal quality such as lowstructural defects, oxygen vacancies, zinc interstitials-and decrease in the impurities may cause the appearance of sharper and stronger UV emission and a suppressed and weakened green emission [25] . Thus, the strong UV emission and weak green emission observed in Figure 4 (b) (flowershaped ZnO) may be ascribed to the good crystal quality with less structural defects of flower-shaped ZnO nanostructures. The significant defect-related emission property of ZnO nanostructures may be beneficial to their photocatalytic property. Heterogeneous semiconductor (TiO 2 and ZnO) photocatalysis is a promising new alternative method among advanced oxidation processes (AOPs) which generally includes UV/H 2 O 2 , UV/O 3 or UV/Fenton's reagent for oxidative removal of organic chemicals [26] [27] [28] . To demonstrate the photocatalytic of the ZnO nanostructures, the degradation of RhB was examined as a model reaction.
The variety of characteristic absorption of RhB at 554 nm was applied to monitor the photocatalytic degradation process. Figure 5 shows the UV-vis absorption spectrum of an aqueous solution of RhB (initial concentration: 1.0 × 10 −5 M, 30 mL) in the presence of propeller-shaped ZnO nanostructures (0.01 g) under UV irradiation. The absorption peaks corresponding to RhB diminished gradually as the exposure time was extended. Figure 6 shows the comparison of photocatalytic activities of propeller-shaped and flowershaped ZnO nanostructures. Significantly, the concentration of RhB barely changed without any catalyst (Figure 6(a) ), whereas that of RhB gradually decreased in the presence of propeller-shaped and flower-shaped ZnO nanostructures under UV-light illumination. Obviously, the photocatalytic ability of propeller-shaped ZnO nanostructures is better than that of flower-shaped ZnO nanostructures ( Figure 6(b, c) ).
When the heterogeneous semiconductors are illuminated with UV-light, the electron/hole pairs are produced with electrons promoted to the conduction band and leaving the positive holes in the valence band. These electron hole pairs can either recombine or can interact separately with other molecules and induce a complex series of reactions that might result in the complete degradation of the dye pollutants adsorbed on the surface of the semiconductor materials [29] [30] [31] . Based on the PL results mentioned above, the peak at 378 nm is due to the recombination of a photogenerated hole with an electron occupying the oxygen vacancies in the ZnO nanostructures, whereas the peak at 495 nm is caused by the recombination of electrons in single-occupied oxygen vacancies [31] . The low PL spectrum intensity at 378 nm (Figure 4(a) , propeller-shaped ZnO) indicates that the rate of the recombination between photogenerated holes and electrons might be lower on the surface of propeller-shaped ZnO nanostructures than that of flower-shaped ZnO nanostructures, which is beneficial for the photocatalytic reaction.
The PL spectra at 495 nm show that oxygen vacancies might 
Conclusions
Propeller-shaped and flower-shaped ZnO nanostructures were prepared on Si substrates by chemical vapor deposition technique. In comparison with the propeller-shaped ZnO, the flower-shaped ZnO nanostructures show sharper and stronger UV emission at 378 nm and broader and weaker green emission at 495 nm, indicating a better crystal quality and fewer structural defects in the flower-shaped ZnO. However, the propeller-shaped ZnO nanostructures exhibited a more effective photocatalytic property for the photocatalytic degradation of Rhodamine B under UV-light illumination than flower-shaped ZnO nanostructures.
